Non-technical summary Synaptically activated changes in dendritic [Ca 2+ ] i affect many important physiological processes including synaptic plasticity and gene expression. The location, magnitude, and time course of these changes can determine which mechanisms are affected. Therefore, it is important to understand the processes that control and modulate these changes. One important source is Ca 2+ entering through voltage gated Ca 2+ channels opened by action potentials backpropagating over the dendrites (bAPs). 
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Here ] i increase from a backpropagating action potential (bAP) or subthreshold depolarization was reduced if it was generated immediately after the wave.
The suppression had a recovery time of 30-60s. The suppression only occurred where the wave was generated and was not due to a change in bAP amplitude or shape. The suppression also could be generated by Ca 2+ waves evoked by uncaging IP 3 , showing that other signaling pathways activated by the synaptic tetanus were not required. showing that all ways of raising [Ca 2+ ] i could cause suppression.
Introduction
Synaptically activated [Ca 2+ ] i changes evoke several kinds of plasticity in pyramidal neurons. These include changes in synaptic strength (Malenka & Nicoll, 1999) , and changes in electrical properties of the neuron (Frick et al. 2004; Kim et al. 2007 ). Important considerations in determining which kinds of plasticity are generated are the location, magnitude, and source of the [Ca 2+ ] i changes in the cell. Synaptic plasticity primarily results from Ca 2+ entry into spines through NMDA receptors and the [Ca 2+ ] i increase is usually localized to the spine head (Sabatini et al. 2001) . This source of Ca 2+ is also responsible for some forms of electrical plasticity (Fan et al. 2005) . Ca 2+ entry through voltage-gated Ca 2+ channels (VGCCs) can evoke LTP under some conditions (Grover & Teyler, 1990 ) and can cause plasticity of spine Ca 2+ channels (Yasuda et al. 2003) .
A third source of [Ca 2+ ] i increase in the dendrites is Ca 2+ release from intracellular stores, often in the form of large amplitude Ca 2+ waves (Nakamura et al. 1999; Power & Sah, 2007; Hagenston et al. 2008) or small localized Ca 2+ release events (IP 3 receptormediated release, "puffs" or ryanodine receptor-mediated release, "sparks;" Manita & Ross, 2009 ). Ca 2+ waves primarily occur on the main apical dendrites (Nakamura et al. 2002) , but sometimes are found near dendritic spines (Holbro et al. 2009 ). There is evidence that Ca 2+ release from stores participates in some forms of LTP and LTD (Reyes & Stanton, 1996; Taufiq et al. 2005; Dudman et al. 2007 ). More directly, Fernández de Sevilla et al. (2008) showed that Ca 2+ waves induce a form of NMDA receptor-independent form of LTP. Holbro et al. (2009) showed that localized Ca 2+ release in some spines and nearby dendrites causes LTD.
A fourth source of dendritic [Ca 2+ ] i increase are NMDA spikes (Schiller et al. 2000; Major et al. 2008) . These large, spatially restricted [Ca 2+ ] i increases result from the regenerative activation of NMDA receptors and dendritic Ca 2+ channels and have been shown to affect LTP in certain regions of pyramidal cell basal dendrites (Gordon et al. 2006 ).
The effects of Ca 2+ release and NMDA spikes on the electrical and channel properties in dendrites are just beginning to be examined. Topolnik et al. (2009) 
Methods

Whole-cell recording and stimulation
Transverse hippocampal slices (300 µm thick) from 5-to 6-week-old SpragueDawley rats were prepared as previously described (Nakamura et al. 2002) . A few experiments examined younger animals (2-to 4-week old) with the same results. Animals were anaesthetized with isoflurane and decapitated using procedures approved by the ] i increases over a range of 110 µm with the 60X lens and 165 µm with the 40X lens. Increases in different parts of the cell are displayed using either selected regions of interest (ROIs) or a pseudo 'line scan' display (Nakamura et al. 2000) .
Photolysis of caged IP 3
Caged IP 3 (200-400 µM) was included in the patch pipette, and was allowed to diffuse throughout the cell after membrane rupture. Pulsed UV light centered at 365 nm from a light-emitting diode (UVILED, Rapp Optoelectronics) was focused through the objective via a 200 µm diameter quartz fiber optic light guide making a spot of about 10-15 µm in diameter on the slice with the 60X objective lens. UV light intensity was regulated by changing the fraction of time the UV light was on during a high frequency pulse train (Manita & Ross, 2010) .
Results
Suppression by Ca 2+ waves
The basic protocol examining the effects of Ca 2+ waves on bAP evoked [Ca 2+ ] i changes is shown in Figure 1 . A pair of bAPs was evoked with brief intrasomatic pulses.
These bAPs generated transient [Ca 2+ ] i increases at all dendritic locations in the field of view (~100 µm in most experiments). These changes are shown both as a signal from a single ROI and as a pseudo line scan display. In the first experiment a Ca 2+ wave was generated in the dendrites with tetanic synaptic stimulation (100 Hz for 1 s; Nakamura et al. 1999) stores by the Ca 2+ wave in the first trial (Miller et al. 1996; .
Consistent with this interpretation, when the cell was primed with a train of bAPs (1 Hz for 1 min) the same synaptic tetanus generated a Ca 2+ wave and suppressed the amplitude for the second bAP signal. The failure to suppress the bAP signal when the Ca 2+ wave
was not generated suggests that the Ca 2+ wave was responsible for the suppression and not other pathways activated by the synaptic tetanus (e.g. mGluRs, PLCβ, PKC, DAG).
To further test this conclusion we generated a Ca 2+ wave by uncaging IP 3 in the dendrites (Manita & Ross, 2010 ] i increase of the Ca 2+ wave then we would expect the suppression to be largest where the wave is generated and less at other locations. The experiments in Figure 3 confirm this idea. In one cell ( Fig. 3A ) sites near the center of the wave (green and blue ROIs) showed the greatest suppression and sites at the edge of the wave (red and magenta ROIs) showed no suppression. A detailed profile along the dendrite of another cell ( Fig. 3B ) confirms that the suppression was maximal at the center of the wave. The experiments supply additional evidence that the Ca 2+ waves did not affect the electrical properties of the bAP since there was no suppression at sites distal to the Ca 2+ wave.
These experiments suggest that the suppression is proportional to the magnitude of the [Ca 2+ ] i increase generated by the wave. Figure 3C shows data from many cells where we compared these two parameters. ] i increases proportional to the fluorescence signal (ΔF/F). These increases were normalized to the signal from a single bAP (evoked before the wave) at the same location. This normalization facilitated comparison among cells. Although there was scatter, the figure supports the hypothesis of proportionality. Grouping the data into bins (Fig. 3D ) confirms the significance of the trend.
In most of these experiments we measured the suppression about 6 s after the generation of the Ca 2+ wave. To determine the time window for this effect and to estimate the recovery time we measured the suppression with test bAPs evoked at different times after the Ca 2+ was generated. We did this experiment in two ways. In one ( Figure   4D (with summary results in Figure 4E ) shows that the recovery time was about 30 s, consistent with the results using the first method.
Suppression by NMDA spikes
Since synaptically activated Ca 2+ waves are generated most strongly on the primary apical dendrite (Nakamura et al. 1999 (Nakamura et al. , 2002 it was not possible to use these waves to assay bAP signal suppression on the oblique dendrites. To examine the effects of large [Ca 2+ ] i increases in this region of the dendrites we used NMDA spikes (Schiller et al. 2000) , which are often generated by a similar synaptic tetanus. These spikes generate large [Ca 2+ ] i increases predominantly by regenerative Ca 2+ entry through NMDA receptors. They have been studied most extensively in the basal dendrites of rat L5 pyramidal neurons (Major et al. 2008) , but have also been observed on oblique and tuft dendrites (Larkum et al. 2009; Antic et al. 2010) . Figure 5A shows an experiment where we tested whether these NMDA spikes could suppress bAP Ca 2+ signals on the oblique dendrites. A synaptic tetanus (100 Hz for 500 ms) evoked a Ca 2+ wave on the main apical dendrite and a regenerative NMDA spike on an oblique dendrite with no spatial overlap. These are separate events because the addition of 100 µM APV completely blocked the NMDA spike but had no effect on the Ca 2+ wave (Nakamura et al. 2002) . The bAP Ca 2+ signals were suppressed on both the apical and oblique dendrites by these events (Fig. 5C ). The NMDA spike was the cause of the suppression on the oblique dendrite since APV prevented the reduction of the bAP [Ca 2+ ] i increase at that site. The magnitude of the suppression was proportional to the normalized [Ca 2+ ] i increase at the sites of suppression on the oblique dendrites ( Fig. 5D ).
However, the slope of the proportionality (red line) was different from the slope for the Ca 2+ wave mediated suppression on the main apical dendrite (Fig. 3C ). This difference may be due to a different mixture of Ca 2+ channel types in the two compartments (Magee & Johnston, 1995; Yasuda et al. 2003) or to the longer duration of the NMDA spikes compared to the duration of Ca 2+ waves (e.g. Fig. 5A ). Also, the spike signals on the oblique dendrites may be smaller than the signals on the main apical dendrite because the spike voltage amplitude declines with distance (Spruston et al. 1995) . This smaller spike signal would make the normalized NMDA spike amplitude appear larger. The peak suppression amplitude and time course of recovery were about the same in the two compartments (Fig. 5E increase is a consequence of the smaller amplitude of individual bAPs in the dendrites (e.g. Spruston et al. 1995) and the frequency dependent propagation failure of later bAPs in a train (Spruston et al. 1995; Callaway & Ross, 1995; Tsubokawa & Ross, 1997) . Figure 6A shows evidence of this propagation failure since the [Ca 2+ ] i increase rises to a plateau in the proximal location while there is an initial peak (arrow) that falls to a small 14 plateau in the distal location. Since it takes several seconds for the dendritic amplitude of bAPs to recover to their initial value following a train (Spruston et al. 1995; Jung et al. 1997 ) we measured suppression 6-10 seconds after the end of the train.
If a train of bAPs can suppress the [Ca 2+ ] i increase by a bAP generated 4 s after the train (Fig. 6A ) then it is likely that a short train of bAPs can suppress the [Ca 2+ ] i
signal from a bAP generated immediately after the train, i.e. the Ca 2+ entry from the last bAP in a train would be less than the Ca 2+ entry from the first bAP in the train because the Ca 2+ influx from earlier bAPs suppressed the Ca 2+ influx from the later bAPs. The data in Figure 6D ] i increase from later bAPs; this suppression then occluded some of the suppression by the Ca 2+ wave. However, we have no additional evidence to support this hypothesis.
In other experiments we tried to develop a protocol to assay for suppression of bAP evoked [Ca 2+ ] i increases using caged calcium, which would have allowed testing at all dendritic locations. However, we found that caged calcium buffered the bAP signal to low amplitudes where it could not be measured reliably, so this approach was abandoned. increases also were suppressed by Ca 2+ waves (Fig. 7) . These experiments suggest that the suppression mechanism acts, at least in part, on L-type channels (see below).
Suppression of subthreshold
15
A careful examination of the traces in Figure 7A shows small, noise-like transients on the tops of the Ca 2+ signals. These transients were more frequent when the membrane was depolarized, and were less frequent following the Ca 2+ wave. These kinds of transients resemble the localized dendritic Ca 2+ release events we previously described in these neurons (Manita & Ross, 2009 Together these experiments suggest that Ca 2+ waves suppress the events by a different mechanism, probably by depleting the stores. Suppression of similar Ca 2+ release events ("sparks") by store depletion has been described in cardiac myocytes (Lukyanenko et al. 1999 ).
Pharmacological insensitivity of suppression
VGCCs can be modulated by a variety of G-protein coupled receptors and by phosphorylation (e.g. Catterall, 2000) . They also are regulated by a direct feedback mechanism (Ca 2+ dependent inactivation; CDI) when [Ca 2+ ] i is elevated (Brehm & Eckert, 1978; Budde et al. 2002; Peterson et al. 1999; see Discussion) . The proportionality of suppression to the magnitude of the preceding [Ca 2+ ] i increase (Fig. 3) , and the lack of a requirement for receptor activation (Figs. 1B and 6 ), suggested that CDI might be the dominant mechanism. Nevertheless, we tested for the contribution of some other pathways with a variety of pharmacological experiments. Figure 9A shows a typical experiment. We first recorded the Ca 2+ wave suppression of the bAP [Ca 2+ ] i increase induced by uncaging IP 3 . The experiment was then repeated with the addition of 5 µM staurosporine (a broad spectrum kinase inhibitor) to the ACSF, with no change in the suppression (Fig. 9B) -calmodulin-dependent phosphodiesterase and myosin light chain kinase). We also tested the possibility that endocannabinoid signaling might contribute to the suppression by adding AM-251 (a CB1 endocannabinoid receptor antagonist) to the ACSF, but found no change in the suppression (summarized in Figure   9C ). The lack of sensitivity to these pharmacological agents is consistent with CDI (see Discussion).
We made an attempt to determine if L-type Ca 2+ channels were a specific target of the suppression mechanism. We found that incubating the slices in 20 µM nimodipine or 20 µM nifedipine had no effect on the Nakamura et al. 2000) reported that Ca 2+ entry during APs is insensitive to these compounds, even though L-type channels are known to be in the membrane. This apparent insensitivity is probably due to the use dependence of these inhibitors (Helton et al. 2005) . In other experiments we tested the effect of nifedipine (20 µM) on the suppression of subtheshold [Ca 2+ ] i increases. These signals are generated, in part, by Ca 2+ entry through L-type channels and are sensitive to nifedipine (Magee et al. 1996; Manita & Ross, 2009 ] i increase generated by mGluR mediated synaptic activation if the bAP occurred within 0.5 s of synaptic stimulation (Nakamura et al. 1999; Manita & Ross, 2010 ; see also Wang et al. 2000; Rae et al. 2000) . This enhancement is primarily due to the coincident activation of the IP 3 receptor by IP 3 and Ca 2+ (e.g. Bezprozvanny et al. 1991) . Interestingly, we could see many examples where both of these effects (suppression and enhancement) occurred at the same time in different locations in the dendrites. One experiment is shown in Figure 10 .
A synaptic tetanus (100 Hz for 500 ms) generated ] i increase, and not some ancillary signaling pathway, that is responsible for the suppression (see below). Consistent with this conclusion large depolarizing pulses and trains of bAPs (Fig. 6 ) also caused suppression in some dendritic regions.
Complexity of Ca 2+ signaling interactions
The second important observation is that there are additional components to the complexity in the interactions among different signaling mechanisms generating or 
Mechanism of suppression of bAP evoked [Ca 2+ ] i increase
There are several clues in our data concerning the mechanism responsible for suppression. The most important is that the suppression was proportional to the magnitude of the [Ca 2+ ] i increase generated by the Ca 2+ wave. All ways of raising [Ca 2+ ] i appeared to be effective, ruling out signaling pathways that are activated only by Ca 2+ waves, NMDA spikes, or trains of bAPs. Second, the suppression was insensitive to several inhibitors of calmodulin dependent kinases and phosphatases and was insensitive to AM251, a blocker of CB-1 endocannabinoid receptors. Both these properties are consistent with suppression due to Ca 2+ -dependent inactivation (CDI) of Ca 2+ channels (Brehm & Eckart, 1978; Imredy & Yue, 1994; Dunlap, 2007;  however, see Budde et al. 2002) . This inactivation, which has been studied intensively at the molecular level, is mediated by calmodulin (Peterson et al. 1999; Zühlke et al. 1999) . The lack of sensitivity to the inhibitors results from the tight binding of calmodulin to Ca 2+ channels near the pore. CDI occurs in most, but not all, members of the high voltage-activated Ca v 1 and Ca v 2 channels, but is absent in the low voltage-activated Ca v 3 channels (Dunlap, 2007) .
One variation in our experiments from many studied forms of CDI is the long recovery time from suppression. We found that suppression persisted for 30-60 s and occasionally longer. Most electrophysiological studies of CDI describe shorter recovery times (Patil et al. 1998; Wang & Cohen, 2003; Zühlke et al. 1999) . However, there are several reports of recovery times that match our experiments (Forsythe, 1998; Lee et al. 2000; Zeilhofer et al. 2000) . The reasons for this variation are not understood.
Other aspects of our experiments also appear to be consistent with this mechanism. First, the suppression was observed in both apical and oblique dendrites, which requires that the targets for suppression are found in these regions. Our experiments did not determine which Ca 2+ channels respond to the [Ca 2+ ] i increase.
However, previous work (Magee & Johnston, 1995; Westenbroek et al. 1990) found that all Ca 2+ channel types are found in different dendritic regions although they are distributed unevenly. Second, the suppression of subthreshold potential evoked [Ca 2+ ] i increases appeared to be as strong as the suppression of bAP -evoked [Ca 2+ ] i increases.
Since L-type Ca 2+ channels are activated near threshold in CA1 pyramidal neurons (Magee et al. 1996; Lipscombe et al. 2004; Manita & Ross, 2009) and are known targets for CDI (Dunlap, 2007) they are likely participants in this suppression, although we could not definitively make this determination.
Comparison with activity dependent Ca 2+ channel inactivation in spines
It is interesting to compare our results with those of Yasuda et al. (2003) . Those investigators examined the depression of bAP evoked [Ca 2+ ] i increases in the dendrites and spines of oblique processes of CA1 pyramidal neurons caused by trains of bAPs.
Using 2-photon microscopy to measure [Ca 2+ ] i changes they found about 30% depression in spines and no depression in the dendrites at locations that appeared to be more than 100 µm from the soma. The depression in spines lasted at least 30 min, was predominantly due to effects on R-type channels, required Ca 2+ entry through L-type channels, and required activation of CaM KII since the effect was blocked by KN-62.
Spine signal depression measured in Yasuda et al. (2003) was dependent on cyclic AMP-21 dependent protein kinase (PKA) since it was blocked by bath application of the PKA blocker Rp-cyclic adenosine monophosphorothioate (Rp-cAMPS).
The bAP signal suppression in our experiments has some different characteristics than the depression observed by Yasuda et al. (2003) , in particular, the lack of pharmacological sensitivity. The most likely source of this difference is that our experiments mainly examined suppression in the primary apical dendrites, while they looked in the more distal and oblique dendrites. We looked in the proximal apical dendrites because Ca 2+ waves are almost exclusively found in this region (Nakamura et al. 2002 ; see also Fig. 5A ), and suppression by Ca 2+ waves was the initial focus of our investigation. However, the vast majority of spines in pyramidal neurons are on the oblique and distal dendrites (Megias et al. 2002) . Yasuda et al. (2003) found that several pharmacological agents affected suppression in the spines. We did not see these effects in our experiments since our pharmacological analysis was done on Ca 2+ wave signals on the apical dendrites where there are few spines. The lack of pharmacological effects is reasonable for our experiments since most of our measured suppression was probably due to CDI, which is insensitive to the pharmacological agents. The spine suppression in their experiments was through a different mechanism.
The large [Ca 2+ ] i change generated by the NMDA spike did cause suppression in the oblique dendrites, and the magnitude of this suppression was proportional to the normalized [Ca 2+ ] i increase at the sites of suppression. However, we did not do a pharmacological analysis on these NMDA spike signals where the spine effects might have been noticed. It would be difficult to do these experiments since the inhibitors of calmodulin dependent kinases and phosphatases would probably affect the generation of the NMDA spike itself. In addition, it was not possible to generate NMDA spikes of the same magnitude in successive trials, which would be a requirement for this kind of experiment. On the main shaft we could replace synaptic activation of the Ca 2+ wave with a wave generated by uncaging IP 3 . This technique gave reproducible Ca 2+ waves, which allowed the spike signals to be tested for pharmacological sensitivity.
Even though we were using a camera system that did not resolve spines from dendrites it is possible that we could have detected signs of spine depression on the oblique dendrites in the AP train experiments since spines comprise about 25% of the 22 total volume of oblique dendrites (Katz et al. 2009; Yael Katz, personal communication) .
Our failure to detect this suppression probably reflects the fact that we were looking at locations with lower spine density, although we have no way of knowing if that was the case in our experiments.
One potential conflict with the results of Yasuda et al. (2003) is the suppression caused by a train of bAPs (Fig. 6A) . We found suppression in the primary apical dendrites (~30 µm from the soma) while they found no suppression on the dendrites from a comparable train. However, when we looked at distal or oblique dendrites, ~150 µm from the soma, where Yasuda et al. (2003) did most of their experiments, we did not detect suppression on the dendrites, consistent with their results. The failure to cause suppression at this distance is probably because of the frequency dependent propagation of bAPs into the dendrites (see Results). As noted above, we did detect suppression on the oblique dendrites from the NMDA spikes, but these spikes caused much larger [Ca 2+ ] i changes than the train of bAPs at that location (Fig. 5B) .
Functional Implications
The suppression of bAP evoked [Ca 2+ ] i increases we observed could be evoked by several mechanisms. The greatest suppression was induced by the large [Ca 2+ ] i increases generated by Ca 2+ waves and NMDA spikes. While these events have not been detected in vivo under physiological conditions (possibly because the appropriate experiments have not been performed) they both can be induced in slices with moderate intensity (subthreshold for AP generation) tetanic synaptic stimulation -a protocol which is widely used in synaptic plasticity experiments. In addition, a clear but smaller suppression could be achieved with trains of bAPs, which are similar to bursts sometimes recorded in vivo (Hirase et al. 2001) .
We can divide the potential consequences of the suppression of bAP evoked ] i increases than trains of bAPs this 23 modulation could be even stronger following protocols that induce these events.
However, these consequences remain speculative since we did not observe directly [Ca 2+ ] i changes in spines.
The possible consequences of suppression in the main dendrites depend on those processes which are controlled by changes in [Ca 2+ ] i in these regions. One candidate is the generation of endocannabinoids, which acts on nearby interneurons to modulate synaptic inhibition and excitation (reviewed by Regehr et al. 2009 showing that 100 nM apamin did not affect synaptically evoked Ca 2+ wave mediated suppression or spike parameters (*, p<0.01 for control; *, p<0.01 for apamin; two-tailed t-test; N = 4). Ca 2+ measurements from dendrites; electrical measurements from soma. wave (normalized to the bAP signal measured at the same location) but not as great as the suppression of the signal from a single bAP (solid squares and line; data from Figure 3C ). 
